Abstract: Autonomous underwater vehicles (AUVs) are playing an ever-growing role in modern subocean operations, generating a demand for faster, more manoeuvrable designs capable of deployments of increasingly longer durations. In order to meet these demands, vehicle developers have been looking to biological aquatic animals for inspiration. After evolving for millions of years, fish and cetaceans have developed fast efficient locomotion techniques, with levels of manoeuvrability that far outperform conventional engineered marine locomotion systems. This paper aims to give a brief introduction into some of the biologically inspired propulsion mechanisms that have been developed, to explain their strengths, their weaknesses, and the motivation behind them, and then finally to predict future trends in biomimetic AUV propulsion design.
INTRODUCTION
In recent years an increase in oceanographic engineering projects such as subsea cables, pipelines, and deep-sea oil and gas drilling, combined with an increased interest in environmental awareness, has led to a demand for new tools for performing subocean tasks. While manned submersibles have been in existence for some time, the consideration of human life support drives up complexity and cost. Furthermore, certain subsea tasks involve a high risk factor which it is desirable that human life should not have to face.
The solution has been the development of unmanned underwater vehicles (UUVs) and more recently a subclass of UUVs called autonomous underwater vehicles (AUVs), which are defined as any self-contained UUVs that can operate without connection to an external power source or real-time operational commands. The advantage of AUVs over more restricted tethered UUVs, often referred to as remotely operated vehicles, is increased range and reduced operating costs, as support vessels can operate in multiple sites.
In the offshore industry, AUVs can be used for tasks such as ocean floor topographical surveying, pipe or cable inspection, and chemical pollution sampling [1] .
As well as private-sector interests, public-sector interests in AUVs can include military surveillance or reconnaissance, mine disposal, harbour patrolling, oceanographic seismology, and ocean temperature monitoring [2] . With such a wide variety of applications it is not surprising that AUVs are available in a wide variety of shapes and sizes.
This review has been conducted in order to identify the current state of the art in the development of biomimetically inspired propulsion systems and to locate underdeveloped areas within this field which are worthy of research by the present authors and any other interested parties among the readership of this journal. For a more complete picture of the subject the interested reader is also directed to the related reviews [3] [4] [5] [6] [7] . A more detailed review of biological swimming modes can be found in references [3] and [4] . A detailed review of the specific control problems relating to fish-like propulsion can be found in reference [5] . Details of the specific problems related to the modelling of such propulsion methods have been described in reference [6] . A review of experimental work on flapping foils has been given in reference [7] . In contrast, this paper aims primarily to review the developments towards, and implementation of, such propulsion systems on AUVs as well as to provide a broad introduction to the related fields of research.
The remainder of this paper will be divided into seven sections. The next section will contain a brief overview of the design of conventional AUVs. Section 3 will contain an introduction to the concept of biomimetics and the motive for the application of biomimetics to AUV design, while section 4 will briefly introduce the underlying biological principles of aquatic locomotion. Section 5 will give a brief history of biomimetic swimming devices that have been developed, section 6 will briefly discuss the trends in design principles, section 7 will briefly introduce some of the current areas of study, and finally section 8 gives concluding remarks.
TRADITIONAL AUTONOMOUS UNDERWATER VEHICLES

Design
The first and perhaps the simplest AUV were the self-propelled torpedoes first developed for military use in the 1800s [8] . The first torpedoes were developed with simple long thin bodies to help them to keep on a straight line and a screw propeller at the rear for propulsion, a design principle that to this day many AUV developers still follow. The addition of a control plane behind the propeller gives course adjustment abilities and, by adjusting the size, longer mission durations and larger payloads can be accommodated. One such torpedo-shaped AUV is the Autosub, which is 7 m long and has been developed by the National Oceanography Centre Southampton [9] . Designed for long-range survey missions a large proportion of the hull mass is devoted to batteries (up to 700 kg). On acoustic survey missions the electrical load of the sensors alone can be as much as 1700 W [10] . Energy is usually the main limiting factor in mission duration. Although torpedo-shaped designs are known to be fairly hydrodynamic and, owing to military research, well understood, their shape originates from a design selected for its course-holding characteristics, giving them fairly poor manoeuvrability and sometimes taking several body lengths to perform a 180°turn [11] . Speedwise, most commercially available torpedo-type AUVs have design speeds of between 1.5 m/s and 3 m/s [12] . For shorter-range missions with smaller payloads and greater manoeuvrability requirements, there have been several AUVs developed with multiple cross-axis thrusters, arranged to deliver force on all three Cartesian axes. Such designs offer greater manoeuvrability and station-keeping abilities; however, these designs result in extra weight because of the multiple motors, the majority of which are redundant during forward locomotion. Also, the designs often sacrifice hydrodynamic efficiency to give a stable thrust delivery platform.
For situations where manoeuvrability is not an issue, underwater gliders can be used. Gliders operate on a varying buoyancy drive. By taking on water the gliders reduce their net buoyancy force and sink. While sinking, the relative vertical motion of the water over the wing produces a forward lift force. By expelling the water at a given depth, the glider increases its net buoyancy and floats to the surface [13] . By repeating this, gliders can travel large distances using very little energy at speeds of around 0.5 m/s [12] ; steering is achieved either with a control plane or by an active roll mechanism that changes the resultant lift direction [8] . Although gliders offer a very efficient platform for long-range survey missions, their low speed, lack of manoeuvrability, and reliance on depth variation can be restrictive in terms of mission selection.
Although it has been shown that complex hull shapes can reduce drag, many AUV manufacturers are still using hull designs based on a uniformdiameter cylinder, which lend themselves to modular construction, for easy extendability.
Details of some of the many AUVs currently commercially available can be found in reference [14] .
Construction
Most AUVs are designed around cylindrical or spherical pressure vessels (chosen for strength under compression) that house electrics or other pressuresensitive components. The remainder of the hull consists of either flooded sections or buoyant foam, exposed to the ambient pressure. Since some AUVs can reach depths of up to 6000 m, they must be able to withstand pressures of over 600 bar [10] . In order to minimize the amount of additional buoyant material needed and to maximize the payload and battery weight allowance, there has been much research into lightweight materials for the construction of AUVs and their pressure vessels. Materials such as carbon fibre and ceramics have been investigated [15] as well as new buoyant materials that will maintain their volume under greater pressure.
At great depths, one of the largest problems is the protection of the prime mover from sea water, which is corrosive, electrically conductive, and full of calcifying solids and biomatter that could interfere with moving parts. Surface vessels have simple sealing glands where the propeller shaft penetrates the hull to keep the water out. However, such a gland would not be effective at pressure differentials of up to 600 bar. One solution is to equalize the pressure by mounting the prime mover in a deformable hull section and flooding it with a non-compressible fluid tolerable to the prime mover. Certain mineral oils for instance are nonconducting and non-corrosive, and so an electric motor can operate while immersed. However, such a solution does reduce the running efficiency, as the motor must also overcome viscous forces within the fluid [16] . Some larger AUVs have employed synchronous magnetic couplings that allow the prime mover to be mounted within a pressure vessel with no penetrations, and the propeller shaft to be in a freely flooded compartment. However, such couplings are large and can become unsynchronized if subjected to a jarring force [16] .
BIOMIMETIC DESIGN
The design of AUVs has a direct effect on factors such as speed, manoeuvrability, maximum deployment time, reliability, and general robustness. All these factors directly affect operational costs and thus commercial viability and, in order to improve these factors, developers are looking towards the growing subject of biomimetics.
Biomimetics, also sometimes called biomimicry or bionics, broadly refers to the deliberate imitation of nature in man-made systems [17] . Biomimetics can be said to be a subcategory of the more general field of bioinspiration, the difference being that, although bioinspiration implies taking nature as a source of inspiration, it does not necessarily mean directly imitating it.
Effective application of a biomimetic approach to design relies on a solid understanding of the underlying mechanism that is to be imitated, as well as good application knowledge of the field in which it is to be applied, be it engineering, computing, or mathematics [18] .
The abundance of life in the Earth's oceans provides no shortage of suggestions for locomotion tactics, manoeuvring tactics, pressure resistance, drag reduction, navigation systems, and any other requirement for survival in a submarine environment.
Particularly of interest are the locomotion tactics of fish and cetaceans; after evolving for millions of years, some species have developed impressive speed and agility during submersed locomotion. The tuna is an excellent example, as it is able to outperform any man-made vehicle relative to its size in speed and turning ability [19] .
The ability of fish and cetaceans goes deeper than just speed and agility; a study of dolphins conducted in the 1930s uncovered what seemed to be a sevenfold shortage in muscle mass to overcome the drag forces generated by the body [20] . This result is commonly referred to as Gray's paradox; although subsequent work has shown that this shortfall may have been significantly overestimated [21] , there is still a widely accepted consensus that fish and cetaceans employ novel techniques to reduce drag forces while swimming [19] . It is these drag reduction techniques as well as increased speed and agility that developers hope to capture by applying a biomimetic design.
SUMMARY OF BIOLOGICAL SWIMMING MODES
This section aims to introduce briefly some of the fundamental swimming mechanisms found in nature. The first distinction made between biological swimming modes is between body and/or caudal fin (BCF) swimming and paired and/or median fin (PMF) swimming.
BCF swimming refers to swimming modes that generate thrust through the use of a translational wave propagated along a portion of the body and translated onto the caudal fin which acts as a propulsive surface.
BCF swimmers are often subcategorized further according to the proportion of the body involved in the propulsive wave, as shown in Fig. 1 , A to I. Typically with a BCF swimmer, the larger the proportion of the body involved in the propulsive wave, the greater the manoeuvrability, and the smaller the proportion of the body involved in the propulsive waves, the greater the efficiency and the speed of locomotion.
Typical BCF swimmers are capable of rapid swimming at speeds of the order of 10 L/s (where L denotes body length) [22] and rapid turning, often taking much less than 1 L to turn 180°.
PMF swimming refers to swimming modes that achieve locomotion through the actuation of paired pectoral fins, dorsal fins, and anal fins or paired dorsal and anal fins, the classification of which can be found in Fig. 1 , J to P.
Typical PMF swimmers are capable of precision manoeuvring with six degrees of freedom, including station-keeping and reversing manoeuvres.
THE EVOLUTION OF BIOMIMETIC ROBOTIC SWIMMERS
Unlike biological evolution which seems to grow in sophistication with subsequent generations, the evolution of biomimetic swimmers commenced with an intricate complex mechanism and seems to be reducing in complexity with subsequent generations as the fundamental principles are distilled.
BCF swimming machines
The ancestry of almost all biomimetic swimmers can be traced back to RoboTuna designed at the Massachusetts Institute of Technology (MIT). Barrett [23] built RoboTuna, which was a 1.2 m towing-tank replica of a real tuna, in order to understand better the mechanism involved in forward BCF swimming. The tuna was chosen as a source of bioinspiration because it is one of the fastest-swimming fish in nature and is capable of long periods of swimming at high speeds, implying possible use of novel hydrodynamic-drag-reducing techniques. Other factors that affected the decision to use a tuna for biological inspiration was that different subspecies of tuna have similar morphologies despite differences in size, implying that any design would be easily scalable for future use as an AUV, and that it was thought that the thunniform swimming mode which allowed a large proportion of the body to remain rigid would allow a larger payload.
When in operation, RoboTuna was attached to an overhead sled by a towing mast in the position of the dorsal fin. The forward speed during runs was determined by the sled.
In order to ensure that RoboTuna could approximate actual tuna kinematics as closely as possible, every aspect of the design was over engineered. The shape itself was taken from a casting of a real blue fin tuna; using a custom-built three-dimensional profile meter, the shape was copied exactly. The tail movement came from a seven-vertebrae backbone. The six joints were each actively actuated by cable tendons that fed through the body and up the mast. The tendons were driven by six large brushless d.c. servomotors mounted externally on the towing sled. The servomotors were deliberately oversized to avoid actuator saturation during more rigorous kinematics.
Two vertical flexible splines, which transformed the discrete angles of the backbone into a smooth curve, were fixed along the backbone. On to the smoothly curving splines, ribs were mounted at regular intervals to give shape. Over the ribs the tail was fleshed out with thick reticulated foam. Finally, to give the whole body a smooth waterproof skin, a conformal Lycra sock was stretched over the entire length of the body. A diagram of the construction of RoboTuna can be found in Fig. 2 .
To avoid the complication of fully waterproofing a flexible body, the entire hull was allowed to flood via vents cut into the outer skin.
Since the goal of the RoboTuna project was to understand better the underlying mechanisms of BCF swimming, a multitude of force sensors were incorporated, to measure the torque on the motors, the drag forces on the mast, and the pressure on the caudal fin. The large amount of sensors and controllable parameters meant that, in total, five computers were directly involved in the control monitoring and recording of parameters during each run [24] .
Barrett went on to determine seven key parameters involved in BCF swimming (Table 1 ) and, by running live experiments with RoboTuna, a genetic algorithm was used to produce an optimal set of swimming kinematics. Furthermore, results from the RoboTuna project did indeed suggest a reduction in the drag force for certain kinematics, agreeing with Gray's paradox [20] .
Following the success of the RoboTuna project, MIT in partnership with Draper Laboratories developed the vorticity-controlled unmanned underwater vehicle (VCUUV) using many of the techniques developed during the RoboTuna project [25] .
The VCUUV was a self-contained free-swimming robotic tuna, built as a proof-of-concept prototype of a biomimetic AUV. Once again the morphology of a real blue fin tuna was used; however, this time the shape was scaled up to 2.4 m in length, comparable in size with conventional AUVs in use at the time.
The VCUUV's tail movement came from a simplified five-vertebrae backbone, with the four joints actively controlled by a closed-loop hydraulic system [26] . The backbone, in turn, acted on a spline-and-rib structure similar to that used in RoboTuna. The skin used was Lycra bonded to neoprene rubber. Like RoboTuna, rather than trying to seal a flexible structure, the tail was allowed to be flooded.
The forward section of the body was constructed as a single pressure vessel and contained the hydraulic system and the electronics. The hydraulic actuation system, which was selected for its high power density, consisted of a reservoir, a small positive-displacement pump, a pressure accumulation vessel, four servovalves, and four cylinders, each of which being the only components outside the pressure vessel. The only penetrations needed through the pressure vessel walls were for hydraulic hoses. A diagram of the construction of the VCUUV can be found in Fig. 3 .
By directly taking the forward-swimming parameters derived during the RoboTuna project, it was assumed that the VCUUV would have near-optimal swimming kinematics. The freedom from a towingtank sled meant that the VCUUV could also be used as a test bed for turning manoeuvre kinematics.
During the testing of the VCUUV it was found that it was capable of turning rates of up to 75°/s, vastly outperforming conventional AUVs, which usually have turning rates of approximately 4°/s. Unfortunately, in testing, the VCUUV was unable to reach its design speed of 1 L/s owing to saturation of the actuator system at tail beat frequencies above 1 Hz; however, a top speed of 0.61 L/s was achieved [27] .
The most recent direct application of the RoboTuna design can be seen in Boston Engineering's GhostSwimmer, which is a tuna-based AUV currently being developed under commission from the US government, with advice from Barrett, for use in harbour monitoring [28] .
The next generation of robotic swimmers to emerge from MIT was RoboPike. At approximately 80 cm in length, RoboPike was originally built as an undergraduate design project by Kumph [29] and later became an experimental test bed for experimentation on carangiform rapid manoeuvring kinematics. The pike was chosen as a source of bioinspiration because of the rapid manoeuvring and acceleration abilities demonstrated by it in nature.
RoboPike's tail movement came from a further simplified four-vertebrae backbone, with the three joints actively controlled by tendons driven by waterproofed brushless d.c. servomotors mounted in the midsection of the body. The backbone was connected to a novel helically wound fibreglass rib structure, stiffened in the vertical axis by a vertically mounted flexible spline. Over the rib structure a neoprene Lycra skin was stretched to form the outer hull. It was thought that the helically wound rib structure would give the tail elastic-energy-storing properties, similar to those reportedly used in real fish to increase metabolic efficiency while swimming [30] . A study carried out by Harper et al. [31] suggested that energy savings of up to 30 per cent could be achieved by using harmonically tuned springs to recapture inertial energy; however, no such savings have as yet been reported in practice. RoboPike's forward section was constructed as a single pressure vessel housing batteries and electronic subsystems; however, the tail and the midbody were flooded. Without parameter optimization, RoboPike had a maximum speed of around 0.3 L/s at a tail beat frequency of 1 Hz.
The Japanese National Maritime Research Institute (NMRI) developed a series of further simplified link-based robotic fish, including a three-link 34 cm robotic sea bream denoted PF-300, which was built to study the turning performance [32] . The sea bream was selected as a source of bioinspiration because in nature its large side profile area and carangiform swimming style makes it an excellent fast-turning fish. The two joints were actuated directly by brushless d.c. servomotors housed in small pressure vessels; the actuation mechanism penetrated the pressure vessel through a corrugated waterproof boot [33] . The tail itself was left in a naked skeletal state; as it was thought that the majority of the propulsive force would be generated by the caudal fin, accurate representation of the rest of the body morphology was thought to be unnecessary.
Servo control came from a standard radio control unit. A float held the aerial at the surface and ensured that PF-300 maintained a constant depth. PF-300 was able to produce tail beat frequencies of up to 2.3 Hz, turning diameters as small as 75 mm could be achieved, and the top speed was approximately 0.6 L/s. Subsequent robot swimmers developed by NMRI, include the 65 cm four-link PF-600, the 70 cm fourlink PF-700, the 97 cm three-link UPF-2001, the 26 cm two-link PF-200, and the 57 cm three-link PF-550 [33] .
PF-600, which was designed to study propulsion performance, had a cylindrical body housing two brushless d.c. servomotors; one servomotor actively controlled the two foremost joints, while the second servomotor was devoted entirely to actuating the caudal fin, allowing experimentation with phase angle between fin and tail movements.
PF-700 was built for experiments on fast swimming; the body had a long slim cylindrical form designed for low drag. Through the use of a combination of a brushless d.c. servomotor and a larger d.c. motor driving a Scotch yolk mechanism, tail beat frequencies of up to 10 Hz could be achieved, resulting in a top speed of 1 L/s.
UPF-2001 was a simple three-link robot designed as a multi-purpose research platform. The tail was driven by a single d.c. motor and Scotch yoke mechanism, driving both the tail joint and the fin joint with a phase difference generated through a novel mechanical mechanism. Like the PF-700, a tail beat frequency of 10 Hz was required to generate a speed of 1 L/s.
PF-200 was a small proof-of-concept prototype that used a shifting mass mechanism to give active pitch control for manoeuvring on the vertical axis.
The most recent robotic swimmer from NMRI is PF-550, using a simple three-link design; actuation comes from two brushless d.c. servomotors, and the entire tail mechanism is mounted on a rotating shaft, allowing the primary propulsor to be rotated to give agility on the vertical axis. Like PF-300, all the subsequent robot swimmers to emerge from NMRI relied on radio communication remote control, limiting them to operations on or near the surface. With the exception of UPF-2001 all were constructed with open skeletal joints; however, effort was made to approximate the profile of real fish tails by attaching moulded sections to the tail vertebra.
The Tokyo Institute of Technology developed two robotic dolphins aimed as prototypes toward the design of a biomimetically propelled AUV [34] . The first had a pneumatic actuation system, and the second a d.c. servomotor.
Both robots had a three-vertebrae design 1.5 m in length with one active joint at the top of the tail, and a passive joint at the caudal fin. By varying the stiffness of the passive joint, it was found that a wide variety of tail beat kinematics could be achieved [35] . The bodies were constructed from an aluminium frame wrapped in carbon-fibrereinforced plastic. The deformable tail shapes were made from fibre-reinforced plastic rings connected by a non-elastic waterproof membrane. The stiffness of the passive joint was adjusted by interchanging springs, of various elastic moduli. Through experimentation, it was found that speeds of around 0.6 L/s could be achieved with tail beat frequencies of around 1.8 Hz.
The popularity of Gray's paradox [20] makes dolphins an obvious source of bioinspiration. So much work has been done investigating the paradox [21] that the swimming kinematics of dolphins are among the best understood in nature. Furthermore, their size in nature is comparable with the size of existing AUVs.
Developers at the Istanbul Technical University also developed a robotic dolphin AUV prototype with the hope of improving upon the propulsion efficiency found in conventional AUVs [36] . The Istanbul dolphin had a four-vertebrae construction with each of the three joints actuated by an opposing bellows-type pneumatic system. The Istanbul dolphin was constructed from sheet aluminium and polymerized formaldehyde plastic. The flexing tail section was covered in a waterproof membrane supported by a flexible structure to allow the tail joints to remain dry. The caudal fin was made from cast silicon in order to mimic the flexibility of a real dolphin's caudal fin. Turning manoeuvrability was achieved using pectoral fins actuated in pitch. The Istanbul dolphin was able to swim at a speed of 1 L/s, with a tail beat frequency of 1.35 Hz.
In contrast, the University of Essex has developed a series of multi-link carangiform and subcarangiform robot swimmers [37] , the latest of which, namely G9, is based on a four-vertebrae tail structure constructed using stereolithography apparatus resin. The three joints are actively controlled by three powerful d.c. servomotors, capable of bending the body through an angle of 90°in 0.2 s [38] . With G9, manoeuvres on the vertical axis are achieved through a shifting mass mechanism that moves the centre of gravity to alter the pitching moment, much like the mechanism in PF-200. No specific fish was chosen as a source of bioinspiration; instead an attempt was made to capture the more generalized principles of fish morphology.
The debut of the Essex fish at the London Aquarium in 2005 has made it perhaps the most well-known robotic fish. They are currently being implemented in a collaborative project entitled 'Search and monitoring of harmful contaminants, other pollutants and leaks in vessels in port using a swarm of robotic fish (SHOAL)'.
The Beihang University Robotics Institute also developed a series of robotic fish based on nonspecific bioinspired morphology for use as UUVs. SPC-II and SPC-III had a common two-joint BCFtype propulsion module. The two joints were each actuated by a 150 W brushless d.c. motor, located within a sealed part of the vehicle. In water the d.c. servomotors were capable of driving the tail with beat frequencies of up to 2.5 Hz.
SPC-II had a roughly fish-like morphology designed like PF-300 with a large side profile area for rapid turning ability, with an overall length of 1.2 m. The forward part of the body was constructed as a rigid pressure vessel, and the tail mechanism was attached behind. The tail mechanism was capable of driving SPC-II at speeds of up to 1.2 L/s and producing yaw rates of up to 70°/s. Despite having a maximum depth rating of only 5 m the SPC-II proved useful as a visual assistant for underwater archaeology [39] .
SPC-III was constructed in many ways like a traditional AUV; however, in place of the propeller the two-joint BCF tail was attached, as shown in Fig. 4 . With a 1.6 m rigid body section, the hydrodynamic shape enabled the propulsion system to drive the vessel at speeds of up to 1.17 L/s [40] .
Following on from a study that demonstrated that dead fish exposed to a harmonic stimulus could produce a forward-swimming gait [41] , researchers at MIT have developed a simplified compliant body method for generating BCF swimming gaits in small biomimetic AUVs suitable for multi-agent survey tasks [42] .
A simple d.c.-servomotor-driven mechanism embedded into a moulded silicon body can produce a travelling body wave if activated harmonically. It was found that, by doping the silicon, the body could be given a different elastic modulus and hence produce different propulsive kinematics. The construction of the compliant fish can be seen in Fig. 5 .
Various compliant body prototypes have been made; the largest was around 32 cm in length and reached a speed of 1 L/s at a tail beat frequency of 3.5 Hz. Reports indicate that these simplified designs have proven to be fairly robust, giving good longevity.
Inspired by the observation that, although efficiency and performance advantages are often cited as the motivation behind the development of biomimetic propulsion systems, there exists a distinct lack of data corroborating any such advantages over conventional propulsion systems, a researcher at the University of Glasgow also developed a single-actuator swimming mechanism for use in direct comparison experiments between biomimetic and conventional propulsion [43] . An 85 cm robotic salmon named RoboSalmon was built with a ten-vertebrae backbone actuated by a single tendon running down either side. A single d.c. servomotor drove the tendons to produced tail oscillations. However, the resulting tail movement more closely resembled ocilliform swimming than carangiform. The shape of the tail itself came from plastic ribs attached to intermittent vertebrae forming a rib cage. This rib cage was covered in a waterproof membrane, giving a dry tail.
The second generation of the RoboSalmon also had a novel turning head section, which, it was thought, could compensate for excessive yaw oscillations observed in the original RoboSalmon during forward swimming and could increase yaw rates during turning. The poor tail beat kinematics resulted in a maximum speed of only 0.2 L/s at frequencies around 1 Hz. However, experiments with RoboSalmon did demonstrate that, even with such suboptimal kinematics, RoboSalmon did produce more efficient propulsion than a propeller-driven system at similar speeds and was capable of far superior manoeuvrability. A summary of BCF swimming robots can be found in Table 2 .
Paired and median fin propulsion
The excellent manoeuvrability and station-keeping ability of PMF swimmers in nature inspired Kato [44] at Tokai University to develop the robotic black bass. The black bass was chosen because in nature it is a species known to use pectoral fins for low-speed locomotion and station-keeping manoeuvres. By using two servomotors for each pectoral fin, the fins could be actuated on the yaw axis and the pitch axis respectively. By controlling the relative phase and magnitude of yaw and pitch oscillations, manoeuvring forces in the full six degrees of freedom could be achieved. Through experimentation, it was demonstrated that precision docking manoeuvres could be performed in currents of up to 0.05 m/s. The black bass project could be considered to be the equivalent for biomimetic PMF locomotion to what RoboTuna was for biomimetic BCF locomotion.
Despite the success of Kato's robotic black bass using a single pair of propulsive fins, several subsequent BCF-propelled AUV designs have used multiple pairs of fins.
AQUA was a six-finned robot swimmer developed at McGill University [45] . The swimming gait was roughly based on ostraciform swimming, with the six fins only actuated on the pitch axis and shaped more like flippers than wings. The body itself was based on an earlier RHex terrestrial robot design, with expectations that it could be developed into a fully amphibious AUV platform. The AQUA project demonstrated that, by using multiple simple single-axis actuated flippers, heave, surge, pitch, roll, and yaw motions can be achieved.
MIT researchers have also developed a multipaired fin swimming AUV [46] . Based roughly on the morphology of a sea turtle, MIT's RoboTurtle was a four-finned labriform-type swimmer. The four-finned design was selected as it was thought that the symmetry would provided a platform that was more stable and easier to control. For simplicity of expansion, RoboTurtle's fins were constructed as self-contained modules [47] ; each module contained a 190 W d.c. brushed motor to provide actuation in roll, and a 15 W d.c. brushed motor to provide motion in pitch, all the corresponding motor control circuits, and all the connections required to add one more fin module, giving the devices a 'plus one' type of infinite expandability. Like the robotic black bass, manoeuvring forces were controlled by altering the phase and amplitude of oscillations.
A similar four-finned modular design has been adopted by the commercially available Transphibian AUV from the iRobot Corporation [48] ; by using the fins as legs, the Transphibian is also able to produce limited terrestrial locomotion.
Inspired by an observation that, in nature, many amphibious animals despite having four limbs tend to use only two for aquatic propulsion, researchers at Vassar Collage developed a four-finned swimming robot called Madeleine for experimentation regarding the specific advantages of four-and twofin swimming gaits [49] ; like the AQUA robot, the fins were operated as flippers with actuation only in pitch.
Experiments carried out using Madeleine comparing two-and four-fin swimming gaits indicated that, although the four-fin gait did produce improved acceleration and breaking rates compared with two-fin gaits, the peak velocities achieved were the same for both two-and four-fin gaits; furthermore, the overall energy cost of transport for fourfin gaits was more than double that of the two-fin gaits.
Tufts University started the development of a large manta-ray-based swimmer-glider [50] . The manta ray was selected as a source of bioinspiration because, in nature, manta rays are relatively fast efficient swimmers and their large wing area makes them a good candidate for glider design. The Tufts University project looked at using pneumatic pistons to actuate a multi-joint skeletal arm that would be inserted into a moulded poly(vinyl chloride) (PVC) ray wing, with the hope of producing a ray-like swimming motion. The final design was to be approximately 50 cm long with a total wing span of 1 m.
However, after construction of one wing, it was found that the combined effects of the inertia of the large wing mass, the inertia of the water to be moved, and the rigidity of the PVC meant that, despite the use of a relatively powerful pneumatic system, the actuators were unable to move the wing while it was in the water.
Two such manta-ray-based swimmer-glider AUVs have subsequently been developed in the commercial sector [51, 52] . Festo and EvoLogics have developed manta-ray-based AUVs, both using a novel fin ray effect designed by EvoLogics to maintain constant volume within the flexible structure. The Festo ray uses a powerful hydraulic actuation system to control its wings, which have a 96 cm span. The EvoLogics ray is available in a variety of sizes from 1.5 m up to 3.5 m wing span and incorporates a buoyancy-driven glider mechanism and a hydrojet propulsion system for precision manoeuvring as well as the ray-like swimming motion.
Most recently researchers at the Robotics Institute of Beihang University have developed a robotic cow-nosed ray [53] . Robo-Ray II was built over a simple flexible rib, actuated by two McKibben-type pneumatic muscles, and a vertically flexing rudder section, also pneumatically actuated; this skeleton was next fitted with laterally oriented spines, and then the whole structure was cast into silicon using a ray-shaped mould. The overall design had a total wing span of 56 cm and a total length of 32 cm; it achieved a top speed of around 0.5 L/s with a wing beat frequency of 1.2 Hz.
Festo have gone on to use the aforementioned fin ray effect in their penguin-inspired AUVs [54] . Festo's AquaPenguin uses two pectoral fins in a labriform mode for propulsion (Fig. 6 ). Both fins are driven in the roll plane by a single shared d.c. motor, with mechanical gearing to give a synchronized roll oscillation; on each fin, pitch control is achieved using a dedicated d.c. servomotor. The fins North Western University has developed a ribbon fin device based on the gymnotiform locomotion used by the black ghost knife fish [55] . The knife fish was selected as a source of bioinspiration because of its ability to manoeuvre effectively in all six degrees of freedom, including reversing manoeuvres, despite having a relatively stiff body. The ribbon fin device consists of a flexible membrane suspended between spines arranged in a line down the underside of the craft. The spines themselves are each oscillated in the roll plane. By controlling the phase and amplitude of the oscillations, it was found that a propulsive wave could be propagated forwards or backwards and the introduction of various offsets could generate a great variety of manoeuvres.
Similar ribbon fin devices were used for propulsion systems in small-scale experimental robots developed at Nanyang Technological University [56] . A robotic knife fish using gymnotiform propulsion and a robotic stingray using rajiform propulsion had two such ribbon fin devices which were mounted in the pectoral positions for propulsion.
The most practically scaled example of such a propulsion mechanism can be found in the Delft University's Galatea [57] , a box-like AUV using rajiform locomotion.
A summary of the more notable PMF swimming robots can be found in Table 3 .
Combined BCF and PMF swimmers
Having developed both fast efficient BCF swimming and precision-stable PMF swimming mechanisms, the natural logical progression is to combine both to create a versatile AUV platform.
Although several BCF swimming robots have incorporated actuated pectoral fins for vertical lift generation [33, 36] , there have been relatively few attempts to incorporate more sophisticated pectoral fin manoeuvring systems into BCF swimmers despite the availability of modular pectoral fin arrangements as outlined in reference [47] , which should make the incorporation relatively easy.
Peking University has been developing a 1.2 m robotic dolphin, which combines BCF and PMF swimming. The BCF motion for the Peking University's dolphin comes from a novel adjustable amplitude Scotch yoke mechanism driven by a 150 W d.c. brush motor [58] , which drives the tail section, and a 20 W d.c. servomotor, which actively controls the caudal fin. The tail itself is constructed as a three-vertebrae design, covered in a steel rib structure. The ribs are connected with sprung steel joints that allow flexibility and, in turn, are covered in a rubber waterproof membrane, to give a dry tail section [59] . The simple BCF mechanism is capable of tail beat frequencies in excess of 3 Hz, and turning manoeuvring can be achieved by reducing the d.c. motor in the tail to performing partial rotations. The PMF motion comes from pectoral fin modules, which are similar to those outlined in reference [47] and enable the robotic dolphin to perform stationkeeping and reversing manoeuvres.
Other developers working on combined propulsion systems include the National Taiwan University [60] and the Chinese Academy of Science Beijing [61] .
Taiwan University's Biomimetic Autonomous Underwater Vehicle (BAUV) is a 2.4 m biologically inspired swimming robot that incorporates a threevertebrae BCF swimming mechanism, with two pectoral fins actuated in roll and pitch, to provide both high-speed BCF swimming with PMF precision manoeuvring [60] .
Developers at the Chinese Academy of Science Beijing have developed a 78 cm biomimetic swimmer that uses a novel mechanical linkage system similar to that used in UPF-2001 to derive actuated control over two links from a single d.c. motor to provide BCF propulsion, capable of tail beat frequencies of up to 4 Hz and a top speed of around 0.5 L/s. PMC manoeuvring comes from two pectoral fins driven by a three-motor arrangement similar to that found in Festo's AquaPenguin, giving active roll and pitch control for labriform locomotion [61] .
Alternative actuators
Conventional actuators used in robotics, such as d.c. motors or servomotors and pneumatic or hydraulic pistons, can be fairly restrictive when trying to synthesize the movement of biological mechanisms. Ideally developers of biomimetic devices would like biomimetic actuators, which emulate the behaviour of natural muscle.
Natural muscle
Natural muscle is an elastic linear actuator; typical mammalian muscle can produce a stress of around 0.35 MPa and strains of around 20 per cent [62] .
Biomimetic actuators
Biomimetic actuators can be roughly divided into piezoelectric materials, shape memory material electroactive polymers, and chemomechanical actuators as follows.
1. Piezoelectric materials. Some crystalline structures mostly found in ceramics react to deformational stress by producing an electrical charge and conversely react to an electrical charge by producing a deformation [63] . Typical piezoelectric actuators can produce deformation forces of the order of 40 MPa; however, with a typical strain generation of less than 0.5 per cent displacement, amplification is needed for use in robotics which, in turn, reduces the force. 2. Shape memory materials. It was discovered that certain deformable polymers and alloy will return to a pretrained shape when exposed to stimulus such as heat. Typical shape memory materials such as Ni-Ti shape memory alloy (SMA) can produce contraction stresses of the order of 200 MPa, and strains of around 8 per cent [64] . When used in wire form, SMA is widely accepted to be a good approximation of biological muscle, in terms of flexibility. 3. Electroactive polymers. Several polymer constructions react to an electrical charge with large deformations. Dielectric elastometer actuators (DEAs) produce stress of the order of 1 MPa and strains of up to 100 per cent; however, their reliance on high voltage can make them hazardous in larger applications that require higher currents. Ionic polymer-metal composites (IPMCs) can give strains of up to 2 per cent and a stress of 30 MPa; actuators are usually formed into bimetallic strips, where linear contraction is translated into curvature. Carbon nanotubes have resulted in much excitement in the field of actuators, with maximum strain levels typically just less than 2 per cent. Incredible stresses can be generated with relatively low voltages, around 640 MPa at around 7 V, and the incredible work density of around 1 MJ/m 3 makes them a very attractive actuator; however, with a current production cost of around US$500 000/kg, largescale implementations are cost prohibitive [62] . 4. Chemomechanical actuators. Certain resins react to a change in pH with a change in volume. By using a McKibben-type actuator, this change in volume can be translated to linear contraction or expansion [65] . Furthermore, there have been developments towards solid state chemomechanical actuators [66] ; however, although pH-driven actuators could potentially allow greater energy storage densities, current technologies are limited by long actuation times (of the order of minutes).
There have been several attempts to implement artificial muscle technologies in robotic swimmers [67] [68] [69] , which covered the implementation of IPMC actuators on small-scale swimmers. However, the restriction of the IPMC actuator sizes available makes them a poor choice for larger-scale projects.
A small tadpole robot using SMA was outlined in reference [70] .
The first investigation into the use of biomimetic actuators on a larger-scale swimmer was carried out at the Florida Institute of Technology [64] . SMA was used to emulate directly the muscle structure of a 50 cm South Atlantic bonito. It was found that, with sufficient independent lengths of SMA, natural body movement could be accurately duplicated at tail beat frequencies of up to 1 Hz. The SMA selected was the Nitinol (Ni-Ti) wire commercially available in a variety of diameters [71] .
A subsequent attempt to produce a simplified SMA-actuated tuna was made by the University of Victoria, Canada, using the configuration shown in Fig. 7 [72] ; it was found that, by flooding the tail, the actuators had better cooling and thus could maintain higher tail beat frequencies, up to 2 Hz; however, the SMA design was eventually abandoned for a more conventional servomotor-driven tail, as it was found that the reliance of SMA on temperature fluctuation for activation made it thermodynamically inefficient, and the low cycle life of around 10 6 would have resulted in an unacceptably short operational lifespan [73] .
Recently, researchers at the Swiss Federal Laboratories for Materials Testing and Research have developed a fish-like airship that uses DEA sheets to produce a large-scale carangiform motion [74] , as shown in Fig. 8 ; however, to date, there has been no attempt to realize this in an aquatic environment.
Modelling and simulation
Parallel to the development of physical prototypes of robotic swimming devices, increases in the availability and sophistication of computers has led to an increase in the development of analytical and computational models for the exploration and optimization of fish-like swimming.
Several studies have applied a purely analytical approach to the fluid modelling, such as the previously mentioned work of Harper et al. [31] , which used a quasi-steady third-order approximation of the Theodorsen method on a hydrofoil to approximate the flow over a caudal fin. However, this model ignored all upstream hydrodynamic effects that would be created by the fish's body.
In another study [75] , a quasi-steady Joukowski transformation method was used to create a twodimensional model of a fish swimming. However, the nature of Joukowski deformations does not allow for a standing body wave, which is a characteristic of carangiform and subcarangiform swimming, and so the model could at best be said to be a two-dimensional approximation of ocilliform locomotion.
The limitations of analytical modelling techniques stem from the dependence on geometries describable by mathematical functions. In order to model situations with more complex geometries, computational numerical methods for solving the incompressible Navier-Stokes equations of fluid motion are often employed. However, as pointed out in reference [6] , to capture accurately all the features of the higher-Reynolds-number flows typical for AUV size models, such methods require high-resolution numerical discretization, resulting in very large processing requirements. Furthermore, for very-high-Reynolds-number flows typical for larger AUVs or manned marine vessels, areas of low pressure can be generated within the flow below the fluids vaporization point, causing cavitation.
Cavitation cannot be modelled with standard incompressible direct Navier-Stokes solvers because they operate on the assumption that conservation of mass is sustained through conservation of volume; however, cavitation can result in a local volume increase of the order of 10 4 :1. Since it has been shown that boundary layer cavitation can dramatically affect both lift and drag on a hydrofoil [76] , the modelling of cavitation has been a major research subject in naval architecture; several methods have been developed for modelling such cavitation [76, 77] .
A further challenge arises for model validation; since the most complete experimental data sets, such as the experimental data obtained from the RoboTuna project, were obtained using relatively shallow towing tanks, free-surface effects will have been prevalent within the data. However, most computational fluid dynamics (CFD) modellers work with the assumption that the vehicle is at sufficient depth to ignore free-surface effects, thus avoiding the added computational cost. Still further complication is added when considering interactions between cavitation and a free surface. A boundary element CFD method for the solution of such flows can be found in reference [78] .
DISCUSSION
Swimming performance
As previously mentioned, the design history of biomimetic swimming devices has shown a strong general tendency towards simplification with fewer moving parts and simpler control requirements. In several cases, this drive for simplification seems to have resulted in under-engineered systems which have not performed to their design expectations; for instance, Anderson and Kerrebrock [25] , Kumph [29] , and Watts [43] all noted disappointment in the maximum speed demonstrated by their vehicles.
The shortfalls in speed among BCF swimming robots can be attributed to two causes: insufficient actuation power and speed, and poor swimming kinematics. Anderson and Kerrebrock [25] and Kumph [29] suggested that actuator saturation was the major factor in limiting top speeds, each limited to a maximum tail beat frequency of 1 Hz. However, a biological study carried out by Bainbridge [22] in the 1950s demonstrated that for BCF swimmers, regardless of specific morphology, similar tail beat frequencies result in similar swimming speeds relative to body length, and yet, as can be seen from Fig. 9 , there is little correlation among the tail beat frequencies and swimming speeds reported. For example, PF-700 and UPF-2001 from NMRI each required tail beat frequencies of 10 Hz to reach a speed of 1 L/s, whereas the robot dolphin from Istanbul Technical University managed 1 L/s at a tail beat frequency of only 1.35 Hz. This lack of cohesion between swimming speeds and tail beat frequencies suggests that many of the biomimetic swimmers featured were operating with poor swimming kinematics.
It was shown in reference [19] that the swimming efficiency is extremely sensitive to variation in the Since the propulsion efficiency was one of the main motives for developing biomimetic BCF swimming devices, it should be considered a high priority of future developments to ensure that good kinematics can be achieved. The level of kinematic control available from a given design will inevitably determine the kinematic parameter optimization approaches available to developers. While complex designs that offer high levels of kinematic control are suitable for online optimization, simpler designs with relatively low levels of kinematic control require offline optimization in the design phase, to ensure that good kinematics are achievable. Advances in fluid dynamic modelling have increased the effectiveness of offline kinematic parameter optimization. New CFD techniques and analytical analysis of flapping foils has given developers a myriad of tools.
Actuator selection
The choice of actuators is also a subject of some interest in the development of biomimetic swimming devices. Brushless d.c. servomotors are a popular choice with developers; the combination of a high torque density and a high level of controllability make them a good candidate for actuator selection. However, high-performance d.c. servomotors can be very expensive.
Several developers have opted for the combination of a continuously run d.c. motor and a mechanical oscillator such as a Scotch yoke. Such arrangements can produce harmonic oscillations and allow the use of relatively cheap motors. By using larger continuously run motors, higher tail beat frequencies can be achieved. However, such designs result in a reduction in controllability.
Pneumatic or hydraulic systems can offer excellent power densities and, depending on the arrangement of the control system, good controllability. Hoses can easily penetrate pressure vessels without producing a complex sealing problem and piston or bellows-like actuators produce linear actuation similar to biological muscle. Nevertheless such actuators require large support systems and may have lower actuation speeds than electrical systems.
It is widely expected that artificial muscle will play a role of increasing importance in biomimetic design. Several of the current technologies can vastly outperform biological muscle in strain-and stress-generating characteristics. However, current technologies are not without their weaknesses. SMA has a short cycle life and relies on thermal energy loss to work, resulting in low energy efficiency.
IPMC and piezoelectric actuators are currently not available in sufficiently large sizes for large-scale robot actuation. Carbon nanotubes are currently cost prohibitive. Dielectric elastometer actuators possibly offer the most interesting solution at present; however, their reliance on high voltages for actuation make the prospect of using them in aquatic environments unappealing.
As well as the choice of actuators, developers have been contemplating the number of actuators required; after the early prototype BFC swimmers developed by MIT and Draper, most developers have opted for a two-actuator design. With two active joints, it is possible to move the caudal fin actively through a wide variety of swimming kinematics. Despite this, there are some researchers, such as the robotic dolphin team of the Istanbul Institute of Technology, and the robotic fish team of the University of Essex, who are still opting for a three-actuator design. On the other hand, there is the emergence of single-actuator designs such as the robotic dolphin series from the Tokyo Institute of Technology and the compliant swimming devices from MIT, which suggest that satisfactory kinematics can be achieved through the use of passive joints or compliant body sections of appropriate elastic modulus.
Hull design
The design of flexible hull structures has also seen progress. From the early free-flooded or open tail sections, there seems to be a trend towards closed dry tail sections. The development of flexible exostructures that maintain internal volume, such as the fin ray structure, have enabled the use of sealed dry tail sections; how well such structures can resist the high pressures of deeper operations remains to be seen. Moulded compliant bodies are also emerging as a popular option for flexible hull design.
The moulded body designs used on MIT's compliant body devices and Beihang University's Robo-Ray II demonstrated that it can be a robust construction method and, if no air pockets are left, can result in good pressure resistance. However, for long-duration deployments, cooling of actuators could become a problem as such designs do not allow any internal thermal convection; furthermore, the lessons learned from the Tufts University ray project suggest that this construction method might not be suitable for larger constructions.
The tendency in traditional AUVs towards modular cylindrical designs suggests the possibility of a market for interchangeable propulsion modules, as used in reference [43] . PF-600, PF-700, and SPC-III have demonstrated that BCF propulsion can be effective with cylindrical body forms. SPC-III also demonstrated that reasonable turning performance can still be achieved with a torpedo-shaped rigidbodied BCF swimmer.
PMF swimmers
Developers working on PMF swimming modes seem to have displayed a preference towards pectoral fin labriform-type swimming. It has been shown that paired fins mounted orthogonally to the body and actuated with two degrees of freedom can produce propulsive forces for manoeuvres in a full six degrees of freedom. It has also been demonstrated that such pectoral fin propulsion systems can be constructed with a modular architecture, making them compatible for retrofitting existing rigid body AUVs [11] .
CURRENT FOCUS OF STUDY
The University of Southampton in association with the National Oceanography Centre are working on an expansion of the work reported in reference [41] to develop a system that can capture energy from a turbulent flow [79] . The present study is focused on energy capture in the predictable wake of a bluff body. However, research being conducted by a collaboration between Northwestern University, University of Illinois, and Bonn University into the development of an artificial lateral line organ [80] could allow the development of flow energy capture systems suitable for operation in more complex and less predictable scenarios.
Several research groups such as SHOAL and the robotic fish group at Michigan State University are developing robotic fish for multi-agent survey tasks requiring smaller lower-cost units with high levels of interunit communication and formation-holding behaviours.
CONCLUDING REMARKS
This paper has reviewed the development of biomimetic propulsion systems; although it can be seen that the fundamentals of the technology are reaching a suitable maturity for commercial implementation, there are still currently several key research areas of interest that could potentially yield valuable results if explored further.
Biological evolution has been working to a far more complex fitness function than is necessary for AUVs, with additional design constraints such as the need for hull penetrations for the respiratory, digestive, and reproduction systems and the need for onboard oxygen storage. Coupled with this more complex fitness function, biological evolution has been constrained to the use of bone and muscle for structural design and actuation which, in turn, bring the additional constraints such as the required volume to produce the necessary strength and power. It can be easily observed that a large proportion of the mass of biological fish is made up from the muscle. It would be logical to suggest in this case that the morphology of fish was determined not only through hydrodynamic optimization but also, in no small way, by the volumetric requirements of biological bone and muscle. In order to take full advantage of present and future development of modern materials and actuators that can outperform biological bone and muscle in strength and power density, it will be necessary to increase the understanding of hydrodynamic-related morphological features so that they can be exaggerated in their engineered counterparts. This would represent a movement away from direct biomimicry and towards a more general bioinspired approach.
Efforts should be made towards increasing the efficiency of oscillatory motions; as mentioned, there could be potential energy savings of up to 30 per cent through the use of harmonically tuned springs to capture and store inertia energy during oscillatory BCF swimming, as were suggested in reference [31] . Since efficiency is one of the main arguments for the exploration of biomimetic propulsion systems, it is surprising that this has not been investigated more fully.
There are several characteristics of biological swimmers that as yet seem to be in biomimetic terms entirely unexplored, such as the effect of dynamic instability on the swimming efficiency, or the hydrodynamic effect of water expelled from gills, or countless other effects. Would there be an advantage to including such effects into biomimetic systems? It could be argued that, in order to guarantee capture of all the desired effects, the system must be copied as a whole in a top-down approach. However, the blind copying of nature can only ever hope to produce a system as good as the original, whereas the study of subsystems in isolation can help to produce a better understanding of the specific contribution of effects, by allowing for a bottomup design approach for biomimetic systems.
Major advances in the field are likely to come from computational models; as the computational power of modern computers increases and parallel processing methods reach maturity, mathematical models of ever-increasing complexity will become viable, allowing fast low-cost experimentation on morphology and kinematics. However, for such models to be of any true value they must be validated. A generalized model validation criterion would require the compilation of an equivalent experimental data set. Such a data set should include deepwater runs (free from the free-surface effect or freestream turbulence) of a standardized morphology (easily mathematically describable) operating with standardized kinematics over a variety of Reynolds numbers. The data should include local surface pressures and flow velocity data over the body surface. Such a data set could only be developed using some form of local flow-recording system such as an artificial lateral line sensor system. Finally, to gain major commercial interest in biomimetic marine propulsion systems, more direct comparative performance studies need to be conducted to prove and quantify the specific advantages of bioinspired systems over conventional engineered marine locomotion systems.
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